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I. INTRUDUCTION

As the trend has developed in recent years toward increasing life require-
ments for nickel-cadmium (NiCd) satellite batteries, periodic reconditioning
procedures to maintain performance have become increasingly necessarv. The
reconditioning of a NiCd battery typically involves the total discharze of
batterv capacity, which is then followed by a full recharge. This procedure
increases the utilization of battery capacity, and increases the battéry
voltage during discharge. The effectiveness of such reconditioning depends on
the reconditioning discharge rate and the cutoff voltage to which each cell or

L show that

battery is discharged during reconditioning. Recent test results
reconditioning to a very low battery voltage is very effective in maintaining
long term performance, and it is generally acrepted that the lower recondi-
tioning rates are the more effective. This report presents a systematic
investigation of the relative voltage and capacity improvements that can bé
realized by reconditioning. These studies provide these data as a function of
reconditioning rate, cutoff voltage for reconditioning discharge, and number

of reconditioning cycles.

Sealed NiCd satellite cells are manufactured to be capacity -limited by
the Ni (positive) electrode. For this reason, much of the short-term changes
in cell voltage and capacity performance arise from changes in the Ni

2

electrode. It is these changes in the Ni electrode that mav be recovered by

reconditioning. Some experimental data suggest that reconditioning may cause
improvements in the Cd crystallite size distribution in the Cd electrode;3’4
however, as long as the cells are positive limited during both charge and
discharge, such reconditioning 1is unlikely to significantly affect

performance.
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II. EXPERIMENTAL

The cell used in these experiments was a 10-Ah sealed YNiCd cell manufac-
tured by General Electric for satellite use. This cell was about 8 vears old,
but had not been extensively cvcled. The cell construction incorporated poly-
propvlene separators and Cd in the Ni electrode as an antipolar mass. Prior
to each experiment the cell was first discharged for 16 h thrrugh a resistance
of 1 2, charged for 16 h at the C/l0 rate, then cycled 37 times to generate
the kind of voltage and capacity losses that might occur during geosynchronous
satellite eclipse season operation. These 37 cycles were to a 40% depth-of-
discharge (DOD); each cycle consisted of discharge for 1 h at 4 A, recharge at
2.5 A for 1.28 h (80% return), and recharge at 1 A for 1.6 h (120% total
charge return). The cell was then discharged to l.l1 V at 4 A so that a base-
line capacity could be obtained, then was reconditioned at the desired rate to
a voltage level of either l.1 or (.0l V. After this reconditioning the cell
was recharged at C/10 for 16 h, which was followed by 2 4-A capacity discharge
to 1.1 V. The capacity recovery resulting from reconditioning is the increase
in this capacity over the previously measured baseline capacity. To examine
effects of a second reconditioning cycle, the reconditioning discharge,

recharge, and capacity discharge were repeated a second time.

The sequences of charge, discharge, and reconditioning described above
were automatically performed by a microprocessor-controlled battery cycler
that was used to program a Powermate BPA-20E power supply. The cell voltage
during cycling was continuously monitored during all experiments, and was
stored in microprocessor memory at prescribed intervals during charge and
discharge, as well as at the end of each charge or discharge. The resolution
of the voltage data was % 0.l mV, Placing the cell in a temperature-con-
trolled bath that used ethylene glycol as the heat transfer fluid maintained
cell temperature at 20.00 *+ 0.05°C for all experiments.
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RESULTS AND DISCUSSION

Reconditivaing rates of 0.1, 0.5, 2.3, and 4.7 A were used in conjunction
with reconditioning cutoff voltages of 0.0l and 1.l V. The results of these
experiments are presented in Table l. The average voltage during each dis-
charge was computed as the time integral of the cell voltage during discharge

divided by the discharge duration. This integration was done numerically

PR

using a 200-s sanmpling time. Experiments are also presented for several

second reconditionings, so that the relative merits of multiple reconditioning ]

[EPv

may be examined. Figure 1 indicates how the capacity improvement resulting

from reconditinning depended on reconditioning rate for the two cutoff volt- 4&
ages of l.1 and 0.0l V, Figure 2 similarlv plots the improvement in average ‘
; discharze voltage that results from reconditioning. The data in Table 1 vield

the increase in power afforded by reconditioning at rates from C/100 to

C/2.5. The power increase ranges from 17,6% with two C/100 reconditionings to '

0.01 vV, to only 3.2% when one C/2.5 reconditioning discharge to !.1 V is
employed.

4 RO e - T

The data in Figs. 1 and 2 provide a useful overview of the relative
merits of various reconditioning procedures. The most obvious point is that
the very low reconditioning rates are more effective than the higher rates for
recovery of both voltage and capacity. For capacity recovery, the best

procedure is to employ a low-rate reconditioning discharge to a cutoff of

O N A

0.01 V. For voltage recovery, low-rate, deep-discharge reconditioning is also
most effective; however, several reconditioning cycles to a cutoff of l.1 V at
rates up to C/10 can provide effective voltage recovery. The relative merits
of a number of different possible reconditioning schemes are summarized in
Table 2 for the recovery of both voltage and capacity. In many systems the ;
power delivered by a battery is of primary importance; therefore, the overall
merit of reconditioning procedures is best expressed by a relative power-

1 recovery factor, which is presented in the last column of Table 2.

The results described here are for NiCd cell reconditioning after 37

L}
cycles at 407 DOD. The maintenance of performance over many such cycling $
|
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Table 1, Capacities and Average Voltages Before and
After Reconditioninz €for a 17-sh Nifd Cell

Reconditioning Reconditioning Capacity (Ah) C/2.5 Average Voltage
Rate Voltage Cutorf Before After Before After
/100 n.01 11.04 12.40 1.2141 1.2332
/20 0.01 10.95 12.05 1.2141 1.2377
C/4 0.01 11.02 11.97 1.2141 1.2322
c/2.5 0.01 11.00 11.87 1.2141 1.2314
/100 0.01 10.86 12.38 1.2106 1.2360
c/100" 0.01 10.86 12.40 1.2106 1.2459 i
/100 1.1 11.23 12.22 1.2116 1.2323
c/100* 1.1 11.23 12.48 1.2116 1.2392
cl/a 1.1 11.10 11.55 1.2216 1.2308
c/a* 1.1 11.10 11.58 1.2216 1.2339
/2.5 1.1 11,04 11.34 1.2183 1.2255
c/2.5% 1.1 11.04 11.55 1.2183 1.2302

*These reconditionings were the second ones done repetitively at this rate,
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Fig. 1. Capacity Enhancement of NiCd Cell from Reconditioning. Open circles
are for a single reconditioning discharge to 0.0l V, open squares are
for two discharges to 0.01 V, closed circles are for a single v
reconditioning discharge to 1.1 V, and the closed squares are for two
discharges to 1.1 V.
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Fig. 2. Average Enhancement of NiCd Cell Voltage during a Capacity Discharge
from Reconditioning. Open circles are for a single reconditioning
discharge to 0.0l V, open squares are for two discharges to 0.01 V,
closed circles are for a single reconditioning discharge to 1.1 V,
and the closed squares are for two discharges to 1.1 V.




Table I o} N -
Voltage Capacity verall
A. Single low-rate {C/1J7) cvecle, o D.J01 V J.02 se39 Tedu
3. Two low-rate cveles, to .l WV e N e
C. >3ingle low-rate cycle, to l.1 V 3.59 JeDu 1,05
@ D. Two low-rate cycles, to 1.1 V N.78 0.81 0.81
? . Single ©'10 cvcle to 1.1V TL-7 Nl N,
¢ y
; F. Two /10 cvcles to 1.1 V .61 N30 .54
i 5. Single capacitv discharze to 1.l VvV, C'2.% AP .10 TL.iA
f 4. Siagle C/10 cvele to 2.01 v 1,71 3.61 1,47
R
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~erisds dver many vears can onlv he inrerred
cover about 1 wear and 27 rac-omaiticning zweles.
Yoo nermanani o voitagfe or capacitv losses wera accumulited yeer chis pericodg
rherefore, regular deep—discharge, low-rate reconditicning, sometimes
tavalving multinle recnnditioning, 1is very effecrtive In mainraining =zell
serioradnce. The «cumulative effects of shallow-discharze, nigh-rate, »>r
tnfreaguent reconditisning for NICd cells are best derermines by oin appTo-
criazelv designed real-tinme life test. For a NICd battarwy :ontaining a number
of cells, the relative effectiveness of deep-discharge reconditioning 1is
expected to improve substantially over shallow-discharge reconditioning, since
the cells withian the batterv are not gzenerallv matched in terms of capacitv.
Zerynditioning To near zero volts for the battery is the onlv wav %o ensurs

that all cells are discharged to low voltages. However, this must be done at

[N

i verv low rate to prevent damage to the lower-capaciry cells resulting fronm

,

L 5,6
ywverdischarge or revarsal.’’

These results are for a single cell that was relatively old. The quan~
titative effects of reconditioning may vary for cells of different designs,
ages, or use conditions. In addition the statistical distribution of per-
formance improvement by reconditioning a given cell tvype is not known at
present. However, the general trends found here for performance improvement

resulting from reconditioning are expected to be generally applicable.
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LABCRATORY OPERATIUNS

The Laboratory Operations of Tne Aerospace Corporation is coundurting exper-
imental and theoretical {nvestigations necessary for the evaluatio: and applica-
tion of scienrific advances to new military space systems. Versatility ance
flexibility have been developed to a high degree by the laboratory persornne; in
dealing with the manv problems encountered in the natfon's rapidlv developing
space systems. Expertise {n the latest scientific developments s vital to the
accomplishment of tasks related to these problems. The laboratories that con-
tribute to this research are:

Aerophvsics laboratorv: Launch vehjcle and reentrv aerodvnamics and heat
transfer, propulsion chemistrv and fluid mechanics, structural mechanics, flight
dvnamics; high-temperature thermomechanics, gas kinetics and radiation; research
in environmental chemistry and contamination; cw and pulsed chemical laser

development including chemical kinetics, spectroscopy, optical resonators and
bz-m pointing, atmospheric propagation, laser effects and couhtermeasures.

Chemistry and Phvsics Laboratory: Atmospheric chemical reactions, atao-
spheric optics, light scattering, state~specific chemical reacti{sas and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chenmistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvironmental research and
monitoring.

Electronics Research Laboratory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasers, electromagnetic and optical -ropagation
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
communication sclences, applied electronics, semiconductor crystal and device
physics, radiometric imaging; millimeter~wave and microwave technologvy.

Information Sciences Research Office: Program verification, Program trans-
lation, performance-sensitive system design, distributed architectures feor
spaceborne computers, faulr-tolerant computer systems, artificial intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Development of new materfals: metal matrix
composites, polvmers, and new forms of carbon; component faflure analvsis and
reliability; fracture wechanics and stress corrosion; evaluation of materials in
space environment; materials performance in space transportation svetems; anal-
ysis of systems vulnerability and survivability in enemv-induced environments.

Space Sciences Laboratory: Atmospheric and fonospheric phvsics, radiation
from the atmosphere, density and composttion of the upper atmosphere, aurorae
and airglow; wmagnetospheric physics, cosmic rays, generation and propagation of
plasma waves in the magnetosphere; solar physics, infrared astronomy; the
effects of nuclesr explosions, magnetic storms, and solar activity on the
earth's atmosphere, ionosphere, and magnetosphere; the effects of optical,
electromagnetic, and particulate radiations in space on space systems.
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